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A cogeneration system using a noncondensing steam turbine to 
simultaneously provide electricity and process steam to a citrus plant 
was modeled in order to assess the source energy savings and the 
economic implications with the employment of this type system under 
conditions of time varying plant energy demand. 
Average monthly energy demand data from one citrus plant was 
analyzed. It was determined that the important parameter, in addition 
to a minimum deMand level, for assessing economic acceptability is the 
demand thermal to electric ratioo One set of steam conditions will 
not necessarily provide the maximum source energy savings and at the 
same time be the most economically beneficial. The values of the 
economic criteria will remain relatively constant over a range of 
rated turbine capacities for each set of steam conditions. 
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With the realization of the limitations on the size of our 
current knn•·m ~nerqy resources has also come an increasing awareness 
of the need forenergy conservation. New as well as old conservation 
concepts are being studied to determine their utility in the current 
and forecasted future economic and social environment. 
The University of Central Florida has undertaken studi~s [1] on 
behalf of the Governor•s Energy Office with the purpose of identifyinq 
energy conservation techniques and systems which could be economically 
applied in the various sectors of the Florida economy. In the analysis 
of the large energy consuming industrial plants, it was found that the 
citrus plants appeared to be ~ood candidates for co~eneration. But 
large variation with time of energy demands, both electrical and 
thermal, required an analytical model of some sophistication to deter-
mine the optimum cogeneration system and to assess the economic and 
energy savin~s implication of such a system. Cogeneration as used 
herein is defined as the simultaneous production of electrical and 
thermal energy from the same fuel source. 
1.2 PURPOSE OF THE STUDY 
The primary purpose of this research effort was the development 
of the needed analytical model. A secondary purpose of the research 
was the assessment of the initial feasibility in terms of energy 
saved and economic acceptability of cogeneration at one citrus plant 
whose monthly energy demand data was made available. 
1 • 3 PRINCIPLE ADVANTAGE OF COGENERATION 
2 
Cogeneration using steam turbines is not new but has been 
applied to some extent since the turn of the century [2]. Its 
principle advantage results from the significant savings in fuel over 
the conventional or common method of supplying process steam direct 
from a plant boiler and electricity from a public utility company e 
The savings is illustrated in Figure 1 and shows that a fuel savings 
of approximately 36% is possible in supplying equal amounts of elec-
tricity and thermal energy using current technology steam turbo-genera-
tor equipment. A perfectly matched turbine output to plant demand is 
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% ENERGY SAVED = 437.5 - 281.25 x 100 = 36% 
437.5 
Fiq~ 1 Energy saving potential with co0eneration 
3 
CHAPTER II 
CITRUS PLANT ENERGY PROFILE 
2.1 PRODUCTION FLOW IN CITRUS PLANTS 
Before developin~ the characteristics of the analytical model 
it is necessary to describe the energy usage in citrus plants that 
imp3ct on the cogeneration system being investigated. Most of the 
energy consumed in citrus processing plants is used in the production 
of citrus juices with very small quantities being involved in the 
packaging of fruit for distribution. The production flow chart for 
the processing of fruit to juice is shown in Figure 2. After off-
loading, the fruit is placed in storage bins. From the bins it is 
transported to the juicing machines and then to the evaporators where 
water is boiled off to concentrate the juice. The pulp from the 
juicers is pressed to further remove moisture and then fed to a drier 
kiln. The dried pulp is pressed into pellets and sold for livestock 
feed. The liquid from the pulp presses is further concentrated in 
the evaporators. The concentrated fruit juices are removed as demand 
dictates and the juices from the various varieties are mixed to give 
proper flavor and chemical content. The mixed concentrate is either 
recombined with water, packaged and sold as juice or canned, frozen 
and solrl as frozen concentrate. 
2.2 ENERGY USAGE 
The evaporators are the primary users of process steam. The 
plants visited had several sets of juice evaporators of varying 
capacities. All of the production activities contribute to the elec-




























Fio. 2 Production flow in citrus plant 
5 
6 
concentrate and the equipment involved in juice concentration are 
the large consumers. Figure 3 is a single day's plot of electrical 
demand for one of the citrus plants and illustrates the electric 
loading with changin9 production activity. During the period of 
juice concentration activities, boiler output was appr~ximately one-
third of that experienced when the plant operated at maximum capacity . 
In general, the steam demand is dependent on the flow of 
citrus fruit to the plant. The electrical demand is dependent not 
only on this flow but also on the demand for the juice products. As 
a result, the plant energy demands vary with time and the steam 
(thermal) demand and the electrical demand will vary somewhat inde-
pendently of each other. 
A histograph of the average monthly energy demands over an 
annual operating cycle of the citrus plant to be analysed is presented 
in Figure 4. The plot represents only that energy use which could be 
satisfied with the cogeneration system and not total plant demand. 
These demands were derived from plant records of monthly fuel and 
electrical use and monthly amounts of fruit processed. The details 
of the derivation of the average monthly demand is presented in Appen-
dix 1. It is to be noted, for the eight months fruit is processed in 
quantity average monthly thermal demand varys over a wide range from 
about 8000 KWH/H to about 20000 KWH/H while electric demand is more 
steady va~yin9 from about 3800 KWH/H to 6000 KWH/H. The plant's ther-
mal demand is defined as the difference in steam enthalpy to the pro-
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Fig o 4 Citrus plant average monthly electric 
and thermal demands for major processing months 
8 
9 
An energy survey [3] of one citrus plant by the Energy 
Management Services~ Applied Technical Division of the DuPont Corpo-
ration reported 80% of the plant thermal demand could be satisfied 
with steam at a pressure of 5 psig for juice and molasses evaporator 
heating. Visits at other plants confirmed this percentage of use in 
evaporator heating. This is an average percentage anrl will vary with 
time . Since data was not available to allow determination of thermal 
demand at the various pressures over time a constant percentage is 
assumed e Thermal enerqy from turbine automatic extraction points 
will be assumed to be at a constant fraction of total thermal energy 
discharged by the turbine . 
CHAPTER III 
STEAM TURBINE COGENERATION 
SYSTEt1 DESIGN 
3. l CO~JDENSING TURBINE CHARACTERISTICS 
Two basic types of turbines can be used for the topping co-
generation system to be modeled, a condensing turbine with auto-
matic extraction or a noncondensing turbine with or without automatic 
extraction. Ports are provided in the condensing turbine casing after 
a given number of staoes depending on the desired steam pressure to 
be extracted. The extracted stea~ can then be used as the source of 
steam to the production process stations. Steam which is not extrac-
ted continues through additional stages and finally exhausts to a con-
denser. Since industrial steam turbo-generating systems are much 
less efficient than those of the public utility, that amount of elec-
tricity produced as a result of steam flow from throttle to condenser 
exhaust will require greater fuel expenditure than if provided by the 
utility. 
Figure 5 is a generalized energy performance map of the con-
densing turbine and is designed to show the capability of the turbine 
to satisfy process steam and electrical demands. This plot is easily 
generated from the William 1 s Line Plots normally provided by the tur-
bine manufacturer. All energy demand points which fall in the region 
between the maximum extraction line and the electric output axis (zero 
extraction line) can be satisfied from the turbo-generator outputs. 
These extraction lines will subsequently be referred to as the turbine 
energy output characteristic lines. 
The condensing turbine requires a source of condenser cooling 
11 
MAXIMUM EXTRACTION LINE 
0 ELECTRICAL OUTPUT 
Fio e 5 Generalized energy performance map 
for condensing stea~ turbine with automatic extraction 
12 
water and if not available in the necessary quantities from natural 
water sources can require the use of cooling towers o Since water 
resources are at a premium in many parts of Florida~ cooling towers 
will undoubtedly be required at many of the citrus plants o These 
towers will greatly reduce the economic viability of coqeneration 
with this type turbine because of the costs involvect o 
3o2 NONCONDENSING TURBINE CHA~CTERISTICS 
The noncondensin9 turbine when used for co~eneration is oper-
ated at a back pressure consistent with the lower pressures required 
at the process stations o Steam requirements intermediate to the 
throttle and exhaust back pressure can be accommodaterl by one or 
more automatic extraction points. The performance map of this type 
turbine is shown in Figure 6o The noncondensing turbine can satisfy 
all energy demands in the region between the extraction lines o The 
energy output characteristic line at zero extraction rate does not 
coincide with the electrical output axis o If the turbine does not 
have automatic extraction then all turbine energy output points fall 
on the energy output characteristic line for zero extraction o If 
energy extracted is to be a constant fraction of output then all tur-
bine energy output points will form a single plat o It is to be noted 
that for all process demand points fallin~ within the region below 
the energy output characteristic line for zero extraction only the 
thermal part of the process demand can be satisfied by the turbine o 
The noncondensing turbine cannot operate at an electric loading 
greater than that which is required to satisfy steam process demand 
from the turbine steam discharge points o Thus it has less flexi-
MAXIMUM EXTRACTION 
0 ELECTRICAL OUTPUT 
Fig o 6 Generalized energy performance map 




bility in meeting varying electrical and steam demands than the con-
densing turbine. 
3.3 STEAM TURBINE SFLECTION 
The noncondensin~ turbine with an option to include a single 
extraction point will be used in the model. A rrimary goal of co-
generation is the savings of source ener9y. The additional electrical 
generation possible with the condensing turbine requires a greater 
consumption of source energy than if obtained from the utility. The 
additional savin9s in utility electric costs possible with the con-
densing turbine must more than offset the additional investment and 
operating costs. With current fuel and electric utility prices this 
will not happen. Boiler fuel costs are projected to inflate at a 
greater rate than the cost of utility electricity (l) and therefore 
it is not likely that condensing turbines will become more economi-
cally attractive in the future. 
The choice of automatic extraction will depend primarily on 
the economic advantage About 80% of the steam demand at citrus 
plants requires pressures less than 20 psig which can be supplied 
from the turbine exhaust. The remainin9 20% is at pressures between 
250 and 90 psig. The additional costs for automatic extraction to 
supply the 20% of demand at the higher pressures must be offset by 
lower energy costs. 
3.4 COGENERATION SYSTEM MODEL 
A block schematic of the system to be modeled is shown in 
Figure 7. Those system operatin~ parameters used to describe the 





































































































efficiency also includes the line losses to the turbines and to the 
process stations e The line direct from the boiler to the production 
process stations will allow for the additional supply of process 
steam in excess of that which can be supplied from the turbine 
discharge o Similarly a tie to the utility grid is shown as a means 
of satisfying electrical demands in excess of that which can be pro-
vided by the turbo-generator o The model will also permit, if desired, 
the selling of electricity to the utility should electricity be gen-
erated in excess of plant demand in order to satisfy the thermal 
(steam) demand o 
The operating characteristics of the system are described by 
the steam enthalpies at various points in the system, the rated ca-
pacity of the turbo-generator and efficiencies of the various system 
components o Using these parameters the model will generate the energy 
output performance characteristics for the system and match them to 
the plant process demand o The intermediate outputs will be the ther-
mal energy supplied from the turbine, the thermal energy supplied 
direct from the boiler to process stations, the electricity supplied 
by the generator, and the electricity supplied by or sold to the 
public utility o From the intermediate outputs and appropriate 
efficiencies, fuel used by the plant boiler and the public utility 
in meeting the plant demand can be computedo The difference between 
the fuel required with the conventional system and the fuel use by the 
cogeneration system gives the value of the energy savings. By apply-
ing the appropriate cost factors the monetary savings can be computed o 
CHAPTER IV 
MODEL DESCRIPTION 
4.0 MODEL DESCRIPTION 
To satisfy the purpose for its construction, the model must 
permit the identification of cogeneration system characteristics for 
optimum energy savings and economics. It must also allow for the 
evaluation of the interrelationship between energy savings and the 
economics. This is accomplished by stepping through a range of rated 
turbo-9enerator capacities for a aiven set of steam operating condi-
tions identified by the input values of enthalpy at the key points 
in the system. The maximum rated capacity and the stepping increment 
is established by the data input but the lowest rated capacity is set 
at 500 KW . To evaluate the effects of differin9 steam conditions re-
quires repeated runs of the model. To operate in this manner requires 
the inclusion of equations which establish the relationship between 
system operating parameters and the turbo-generator rated capacities. 
4. 2 TURBO-GENERATOR ENERGY OUTPUT CHARACTERISTIC MODULE 
To compute energy outputs of the cogeneration system the plant 
ener~y demand must be matched to the turbo-generator energy output 
characteristics. Plant energy demands are provided to the program in 
three quantities, electrical demand (Pj) in KWH/H, the process thermal 
to electric demand ratio (HPj), and the time interval over which the 
demand occurred (~tj) in hours. Before describing how this matching 
is accomplished it is necessary to explain the module or subprogram 
used to generate the energy output characteristics for the turbo-
generator. 
18 
The values of turbo-generator electric output, thermal energy dis-
charge, thermal to electric output ratio and the thermal energy out-
put per pound of steam discharged by the turbine are computed by this 
sub-program from the following data received from the main program: 
System steam enthalpies 
Rated turbo-qenerator electrical load 
Partial load fraction 
Turbine half rated load steam rate factor 
Turbo-generator loss and efficiency factors 
Constants used in equating turbine efficiency to rated 
electric capacity 
Fraction of total thermal plant energy demand to be 
supplied at extraction point pressure 
The turbine throttle to exhaust efficiency is initially com-
puted. Figure 8 shows that over the range of rated capacities (1000 -
6000 BHP) to be evaluated for the citrus plants the turbine efficiency 
at rated load is reasonably linear when plotted on a semiloq qraph. 
Thus the following equation is used for turbine efficiency. 
where 
ntl = (A + B x log10 PR) x PLCF 
ntl = Turbine efficiency from inlet to exhaust. It is 
defined as shaft power out divided by the isen-
tropic change in steam enthalpy 
A&B =constants identifying the straight line approx-
imations of the efficiency curves. See Appendix 
3 for numerical values. 
PR = Rated load 
PLCF = Partial load correction factor 
The relationship between turbine shaft output and the steam flow rate 











































































































































































































































np = Efficiency at operating load 
npR = Efficiency at rated load 
20 
(A) 
The turbine steam rate (SR) is equal to the theoretical steam rate 
(TSR) divided by the efficiency at load and multiplied by the load. 
Thus 
SR = TSR x P 
np 
and at rated load 
SR = TSR x PR 
R nPR 
By substituting equations (B) and (C) into (A) 
SRR 
PLCF = PL X SR 
where 
p 
PL = PR' = the partial load fraction 
The equation for the Williams Line, Figure 9, is 
where 
SR0 = Steam rate at zero turbine load 
Substituting (E) into (D) gives the equation 
SRR 
PLCF = SRR - SR + SR /PL 
0 0 
Let a equal the half rate load steam rate correction factor 








0 TURBINE LOAD PR 
Fig. 9 William•s line plot 
and thus 
PL 
PLC F = 2 PL + a - ( 1 - PL) -1 
As can be seen from Figure 8 the value of a remains relatively con-
stant over the range of rated loads to be considered. Figure 8 and 
Reference 4 were used as the source of turbine efficiencies and half 
rated load factors. 
No data was discovered which would permit detennining the 
throttle to extraction point efficiency. Reference 4 used a value 
of 0.05 for the difference in throttle to extraction and throttle to 
22 
exhaust efficiency for a 25,000 BHP rated turbine operating at throttle 
steam conditions of 600 psig and 750F. and at an extraction pressure 
of 250 psig. In the absence of data, a constant difference over the 
range of rated loads is assumed and throttle to extraction efficiency 
is given by 
llt2 = lltl = ECF 
where ECF is a data input quantity to be obtained from turbine manu-
facturers o 
The enthalpies of the steam discharged from the exhaust (H2) 
and the extraction point (H3) is detennined by 
where 
~ hsl X (ntl + TL) 
~ hs2 x (nt2 + TL) 
H1 = Steam enthalpy at the throttle 
~hs = Isentropic enthalpy chanqe across the turbine 
TL = Fraction of turbine loss due to mechanical losses 
If no extraction is to occur H3 is set to zero and the plant thermal 
demand data is accordingly reduced. 
S is defined as the fraction of total plant thermal energy 
demand which is to be provided at extraction pressure and 
where 
S - m3 x (H3 - H4) 
- (m2 x (H2 - H4) + m3 x (H 3 - H4 ) 
m2 = Fraction of total turbine steam flow rate dis-
charged from the exhaust 
m3 = Fraction of total turbine steam flow rate dis-
charged from extraction point 
H4 = Condensate enthalpy from the process stations 
From this relationship and the fact m2 + m3 must equal to one 
m3 = [S x (H 2 - H4)J I r.(l-S) x H3 - H4) + S x (H2 
- H4)] 
m2 = 1 - m3 
23 
The thermal content of the steam discharged from the turbine per 
unit mass of steam (H 5) in terms of the energy extraction at the pro-
cess stations is then 
H5 = m2 x (H 2 - H4) + m3 x (H 3 - H4) 
The thermal discharge to electric power output ratio of the turbine at 
operating load (HPG) is given as 
where 
HPG = H5;((m2 x 6hsl x ntl + m3 x 6h 52 x nt2)x nR x 
ng x PF] 
nR = Reduction gear efficiency 
n
9 
= Generator efficiency 
PF = Plant electric power factor 
The program assumes only turbo-generators with rated electri c l oads 
of less than 2500 KW will be equipped with reduction gears o 
The turbine energy output characteristic subproqram finall y 
calculates the electric power generated (PG) and the thermal energy 
discharge (PHG) 
PG = PL x PR 
PHG = HPG x PG 
24 
4o 3 MATCHING PLANT ENERGY DEMANDS TO TURBO-GENERATOR ENER GY OUTPUT 
CHARACTERISTICS 
The energy demand plot, Figure 10, is a graphical means of 
displaying the matching logic used in the proqram o It is a plot of 
thermal ve r sus electric plant demands with lines drawn at the ma xi mum 
plant demand for each category. The enclosed area therefore rep re-
sents the space containing all possible plant demand points o A repre-
sentative t urbine energy output characteristic line is shown and 
dashed lines are drawn at the rated turbine output point paral l el t o 
each axis o Finally a dashed line is drawn from the origin to the 
turbine rated load point, the slope of the line being equal to t he 
thermal to electric output ratio for the turbine at rated electric 
load o The lines described, subdivide the space of a l l possible demand 
points into six reqions o Each region can be described, as shown by a 
set of inequalities involving some or all of the following quantities; 
Pj, PR, PHj, HR, HPj, HPR and HPG, where PHj is the plant process 
thermal demand for the jth demand set a 
MAX 
P. < PR 
J 
PH. > HR 
J 
c 
HR _________________ _ 
0 





• < PR / 
J / 
PHj < HR / 
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Once the applicable region has been established by the program 
for the jth demand point, the amount of energy supplied from each en-
ergy source to satisfy the demand is computed. The power generated 
(PG.), electric power received from (PUI.) or sold to (PUO.) the util-
J J J 
ity company, thermal energy supplied by the turbine (PHG.) and that 
J 
direct from the boiler (PHR.) are determined o These are summed and 
J 
factored to give average annual values o The value of H5j is computed 
and used to find the steam rate through the turbine. 
In region A both thennal and electric demand exceeds the rated 
capability of the turbo-generator and 
PG. = PR 
J 
PHG. = HR 
J 
PHR. = PH. 
J J 
PUI. = p. 
J J 





Demand points in region B exceed the rated electric load of the 
turbo-generator but are less than the rated thennal discharge D Since 
the turbo-generator loading cannot exceed that which will satisfy the 
plant thermal demand the turbine will operate at a partial load o The 
turbine energy output characteristic subprogram is entered with a value 
of 
PL = PHj/HR 
and is iterated with updated values of 
PG PHj 





PUI. = p. - PG. 




PHR- = 0 
J 
Thermal demand exceeds rated turbine thermal discharge but 
electric demand is less than the turbo-generator rated electric load 
in region Co If excess electricity is to be sold 
PG. = PR 
J 





PHGj = HR 
PHR. = PH. - HR 
J J 
27 
If excess electricity is not to be sold, the turbo-generator is opera-
ted at partial load equal to 
and 
PL = P./PR 
J 
PG. = P. 
J J 
PUI . = 0 
J 
PUO. = 0 
J 
PHR. =PH., - PHG. 
J J J 
Both the thermal and electric demand in region D is less than 
the rated turbine load and the turbine loading is co~puted in the same 
manner as for region B, thus 
PUI. = p . PG. 




PHG. = PH. 
J J 
PHR. = 0 
J 
28 
Excess electricity can be generated in region E. If the excess 
is to be sold then the turbine energy output characteristics subprogram 
is entered as for region B anrl 
PUO. = PG p. 
J J 
PUI. = 0 
J 
PHG. = PH. 
J J 
PHR. = 0 
J 
If the excess electricity is not sold then the turbine energy output 
characteristic subprogram is entered with the value of partial load 
and 
The 
PL = P-/PR 
J 
PG. = P. 
J J 










same as for region D. 
- PHG. 
J 
for the demand points in region F is the 
It is to be noted that demands points in regions B, D and F 
which fall below the point of intersection of the turbine energy output 
characteristic line and the thermal energy axis cannot be practically 
matched to the turbine output since zero electrical output would occur. 
Hence partial loading is limited to a value of 0.1 or greatero 
4.4 DETERMINATION OF AVERAGE ANNUAL ENERGY SAVINGS 
The energy savings to be determined is the source fuel (HHV) 
saved by cogeneration over the conventional method of supplying the 
needed energyo It is computed by adding the difference in source fuel 
used by the utility company to the difference in source fuel used by 
the plant in its auxiliary boilers. 
To determine the value of energy saved, it is first necessary 
to find the steam flow rate for each jth demand point by 
where 
SR. = SRl. + SR2. 
J J J 
SRlj = PHGj/H5j 
SR2j = PHRj/(H6 - H4 ) 
H6 = enthalpy of steam at boiler pressure and at 
saturated temperature 
29 
The total fuel (HHV) (QUlj) used by the utility in providing the elec-
tricity during the jth period with cogeneration is 
where 
~t. = Time interval of the jth demand, hours 
J 
n =Utility plant overall qenerating efficiency 
u 
The total boiler fuel (HHV} (QSlj) used during the jth demand period 
with cogeneration is 
where 




= Steam generating system efficiency with co-
generation 
The averaqe annual values of QUlA and QSlA are obtained by 
JJ 
QUlA = [ r QUlJ.J I PY 
j=l 
JJ 
QSlA = [ L QSlJ.J I PY 
j=l 
where 
JJ = Number of energy demand periods 
PY = Number of demand periods per year 
30 
The average annual values of boiler fuel (HHV) (QS2A) and util-
ity fuel (HHV) 
where 
(QU2A) used without co0eneration is determined by 
QU2A = [ Jl:J ( p. X ttj) .. nu] I py 
j=l J 
QS2A = [ Ji:J PH. X ~t.) .. nsg?.] I py j=l J J 
ns92 = Steam generation system efficiency without 
cogeneration 
The average annual energy savings (ES) is thus determined by 
subtracting the energy used with cogeneration from the energy used 
without cogeneration 
ES = QS2A + QUA2 - (QlllA + QSlA) 
4.5 ECONOMIC CRITERIA RATIONALE AND LOGIC 
Regardless of the energy savings which may result from the in-
stallation of the cogeneration system, industry will not procure the 
system unless there is a reasonable return on investment o Cogeneration 
must compete economically with other projects vying for the investment 
capital of the industry. The savings in energy costs must be suffi~ 
cient to produce the required return on investment . The simple pay-
back period is used most often as the initial criteria for ev~luating 
the economic acceptability of proposed project requiring investment 
funds [1]. Simple payback period is the length of ·time it takes to re-
cover the initial investment from the net before tax cash flow savings 
without discounting for interest or inflation rates. The equation for 
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simple payback period used is: 
PB = CI I (AS - CM) 
where 
PB = payback period~ years 
CI = additional investment costs for cogeneration 
CM = annual operating and maintenance costs 
AS = annual savings using cogeneration 
The annual savings (AS) is the difference between the annual cost for 
plant energy with and without cogeneration. It is computed from the 
following relationship: 
where 
AS = (PA- PUlA+ PUOA) x CE + (QS2 - QSl) x CF 
PA = average annual plant electric use 
PUlA = average annual plant electricity procured from 
utilities with cogeneration 
PUOA = average annual electricity sold back to utility 
CE~ CF = cost of electricity, cost of fuel 
If the project falls within the industry's range of acceptable 
payback values a more detailed economic analysis is accomplished o This 
analysis is usually a form of after tax discounted cash flow return on 
investmento The return on investment is the discount rate which makes 
the discounted after tax cash flows over the economic life of the 
equipment equal to the capital costs. The return on investment anal-
ysis can be calculated either on an inflation free basis meaning that 
the cost of money (interest) rates, discount factors and expenses do 
not include the effect of inflation or inflation effects can be in-
cluded o This study will use the present worth approach in computing 
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a return on investment and will include the effects of energy infla-
tion rates. The analysis will provide a rate of return on investment 
after the effects of inflation have been removed. No attempt is made 
to account for the time flow of capital out and it is assumed that the 
full investment tax credit of 10% of the investment costs can be taken 
in the first year of operation . Further is it assumed that operation 
and maintenance costs remain constant over the life of the system 
except for inflation . Depreciation is computed by the Double Declin-




0 . 9 CI = I 
K=l 
[ PE X CE X (l+EEE{- 1+ Q X CF X (l+EE)K-l 
(l+i)K x (l+r)K 
_ CM J [l-T] + D x T 
(l+r)K (l+i)K x (l+r)K 
PE = PA ...; PUIA + PUOA, KWH - Difference in utility 
energy used with and without cogeneration 
QA = QSl - QS2, BTU - Difference in boi 1 er fuel used 
with and without cogeneration 
EEE = Inflation rate of electricity costs 
i = In fl at ion rate 
r = Rate of return on investment 
EE = I nfl at ion rate of boiler fuel costs 
CF = Boiler fuel costs 
CE = Electrical costs 
D = Depreciation in jth year 
T = Tax rate 
The computer program iterates this equation with increasing values 
of (r) until the equality is satisfie0 at a value of (n) equal to 
the economic life of the equipment [1]. 
4.6 COST FACTORS 
33 
The cost factors used in the economic analysis were derived 
from a number of sources. The cost of eneroy and energy inflation 
rates are determined from the projected prices of fuels and elec-
tricity in the South Atlantic Region, 1980-1995 as promulgated in 
the Federal Register, January 23, 1980. The general in~lation rate 
(i) was determined from the total price index change throu9h 1990 as 
published in the Chase Econometrics Associates Inc., forecast dated 
November 1979. 
Since the analytical model is designe~ to generate outputs 
over a range of rated capacities it was necessary to find the rela-
tionship between costs and rated capacities. Reference 2 reported 
that steam turbine generator costs vary with size raised to the 0.8 
power and that heat exchan~ers costs vary with size raised to the 0.6 
power. These relationships were used in the equations for calculatinq 
equipment costs. These are: 
where 
BC = SGC x SRT 0 · 6 
TGC = TGCl x PR0· 8 
BC = Steam generation system costs 
SGC = Steam generation cost constant 
TGC = Turbo generation system costs 
TGCl = Turbo generation system cost constant 
PR = Rated turbo-generation capacity 
SRT = Rated boiler capacity 
The system costs include equipment costs and all related costs such 
as engineering, site construction, installation, etc e 
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Since only those additional costs associated with the co-
generation capability need be considered, the initial investment costs 
(CI) are determined by the followino relationship: 
CI = TGC + BC = SGCC 
where 
SGCC = the cost of the conventional system 
The annual operating and maintenance costs (CM) also include 
only the incremental increase due to the cogeneration capability. An 
annual labor cost may be entered as a non-varying cost while all other 
0 & M costs can only be included as a fraction of the investment cost 
(CI) and: 
where 
CM = PC + CCF x CI 
CM = annual additional 0 & M cost, $ 
PC = annual additional labor costs, $ 
CCF = fraction by which investment cost is to be 
multiplied to obtain 0 & M costs other than 
labor 
It is to be noted that additional boiler fuel costs due to cogenera-
tion are not included in CM but are accounted for in the computation 
of annual savings (AS). 
Investment and operation and maintenance costs are difficult 
to acquire. One supplier of boilers and heat exchangers did 0ive 
cost estimates. The other costs were based on the costinq data in 
References 2, 5 and 6. 
4 .. 6 PROGRAH OUTPUT DATA 
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The computer program for the analytical model is contained in 
Appendix 2. The program prints the following data for each rated 
turbo generator load analyzed: 
A. Rated turbo-qenerator capacity, in KW 
B. Average annual process thermal energy required in 
billions of BTUs 
C. Average annual electrical use in millions of KWHs 
06 Annual value of electricity cogenerated in millions of KWHs 
E. Annual value of electricity received from the utility in 
millions of KWHs 
F. Annual value of electricity sold to the utility in millions 
of KWHs 
G. Annual value of process thermal energy supplied by the 
turbine in billions of BTUs 
H. Annual value of process thermal heat supplied direct from 
the boiler in billions of BTUs 
I. Maximum boiler steam rate in thousands of lbs. per hour 
J. Average annual energy saved with cogeneration in billions 
of BTUs 
K. Investment costs for cogeneration in thousands of dollars 
L. Annual operating and maintenance cost in thousands of dollars 
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M. Annual monetary value of enerqy savings with coqeneration 
in thousands of dollars 
P. Payback period in years 
Q. Rate of return on investment 
CHAPTER \! 
ANALYSIS 0~ CITRUS PLANT 
5.1 BASIS FOR THE ANALYSIS 
Monthly energy use data over a three year period was available 
from a previous study effort r7]. In the absence of daily or hourly 
demand data the average monthly use data was reduced to an average 
monthly demand form as described in Appendix 1. A tabulation of the 
demand data is also contained in Appendix l. These plant demands were 
matched to turbo-oenerators with electrical output capacities ranning 
from 500 KW to 5000 KW in increments of 500 K~l. Four different steam 
conditions at the turbine throttle were analyzed. These steam 
conditions were: 
900 psig, 750F 
600 psig, 750F 
400 psig, Saturated Temperature 
2()0 psig, Saturated Temperature 
Automatic extraction at 250 psig was included for rated capac-
ities equal to or greater than 2500 KW when operating at steam 
throttle pressures of 400 psig or greater and the exhaust back 
pressure was set at 5 psig. 
The conventional system used in the analytic model was the 
steam generation system now installed in the citrus plant. 
Appendix 3 lists the data inputs for each set of steam 
conditions analyzed. 
5.2 DISCUSSION OF THE RESULTS 
The total average annual energy use by the process stations 
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available for cogeneration was found to be 140 x 109 BTUs of thermal 
and 13.2 x 106 KWHs of electricity. Table 1 is the summation of the 
results attained from the computer program. With the exception of the 
200 psig steam case, total plant thermal demand was supplied by the 
turbine over a range of rated loads, while only 50% or less of the 
electrical demand was cogenerated. This is caused by the plant demand 
points lying mostly in the region below the turbine enerqy output 
characteristic line meaning that the thermal to electric demand ratio 
was 0enerally lower than the turbine output ratio. The plant demand 
data shows the average plant thermal to electric demand ratio to be 
about 3. 5. Turbines operating with the exhaust and extraction steam 
conditions for the analysis will have rated thermal to electric out-
put ratios between about 5 and 8 for the system steam conditions used e 
The increasing values of maximum energy saved with increased values 
of steam conditions is also partially explained by this difference in 
energy ratios, since the higher the values of steam conditions at the 
throttle the lower the turbine thermal to electrical output ratio. 
The steam generation efficiencies will increase with increasing steam 
pressures and temperatures further enhancing the energy savings at the 
hiaher steam pressures. 
v 
The curves of rated turbo-qenerator capacity to annual energy 
savings, Figure 11 ,each show a maximum point. At the rated loads less 
than that for the maximum point, the ability of the turbo-qenerator to 
satisfy plant demand is limited by its rated capacity. At the rated 
loads greater than at the maximum point, any increase in the ability 































































































































































































































































































































































by the decrease due to increasing turbine thermal to electric out-
put ratio caused by lower partial loading~ 
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Table 1 shows the total thermal demand is supplied by the 600 
and 400 psig systems at intermediate rated capacities but not at the 
hiqher ratings, indicating the thermal demands for some demand 
periods is of such low value to cause the turbines at the higher 
ratings to be operated at a partial load below the 10% cut-off. 
It is evident from Table 1 and Figure 12 thRt the minimum 
payback period does not coincide with the condition of maximum source 
energy savings. This can be attributed to investment and operating 
costs increasing with rated load at a 9reater rate than the monetary 
value of the energy savings. Since a relationship exists between 
source energy savings and the monetary value of energy savings it 
can be deduced that the knee in the curves of Figure 12 is a reflec-
tion of the maximum characteristic of the curves in Figure 11. 
The slope over that section of the curves in Fioure 12 below 
the knee is relatively small implying a range of rated turbine loads 
where the increase in cost with turbine size is nearly offset by the 
increase in the monetary value of the energy saved. The part of the 
curves in Figure 13 where the slope is small corresponds to the por-
tions of the curves in Figure 12 where the slope is large. It is 
evident that this occurs at rated turbine capacities at 2500 KW and 
less. 
The 400 psiq system gives the lowest payback period and is the 
more econo~ical if a major rerlacement of the existing steam genera-







































1 2 3 
RATED TURBINE-GENERATOR CAPACITY, MH 



















c::r.:: 5 0... 
0 
10 20 30 40 50 60 
ANNUAL ENERGY SAVED (109 BTUs) 






























STEAM AT THROTTLE: ... 
400 PSIG SATURATED TEt1P. 
40 , 



















Fige 13 Percent change of annual energy savings 
vs change in steam generation system efficiencies 
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data based on this assumption for the steam conditions differing from 
those of the existing installation. The 200 psig system reflects the 
economics of cogeneration utilizing the existing steam generation 
equipment. Management 9enerally favors only those projects with 
simple payback periods of two years or less (1]. Hence~ cogenera-
tion for the citrus plant appears to be marginal from an economic 
standpoint . 
A 500 KW coqenerating system gives the minimum payback period 
for both the 200 and 400 psig systems . However, the results indicate 
that a range of rated loads may be considered with only small change 
in the overall economics being involved. 
5.3 SENSITIVITY ANALYSIS 
Sensitivity analyses were conducted on the 400 psig system and 
steam generation system efficiency was found to be the most sensitive 
of all operating characteristic parameters. Figures 13 and 14 show 
the percent chan~e in energy savings and payback period with changes 
in this parameter. A 0.05 change in efficiency results in a 30 to 50% 
change in energy savings~ depending on the rated load of the turbo-
generator. The percenta9e change is greater with a reduction of 
efficiency. The change in payback period behaves in a similar manner, 
where a 0.05 reduction in efficiency increases payback ~ 60 to 80% 
while an increase of 0.05 gives only a 25% decrease in payback period . 
The effect of errors in turbine efficiencies, Figures 15 and 
16, is significant at the higher raterl loads but not at the lower 
ratings. Errors in reduction gear and generator mechanical efficien-

























STEAM AT THROTTLE: 









5000KW ' ' 
-.05 +0.05 
PERCENT CHANGE IN STMa 
GEN. EFF. 
Fig. 14 Percent change in payback period with 


















-.1 --- ----:..05 -
CHANGE IN 
STEAM AT THROTTLE: 
400 PSIG SATURATED TE 
1 OOOKW 
-__ l __ _ 
+. 05 +. 1 
TURBINE EFFICIENCY 
46 
Fig. 15 Percent change in annual energy savings versus 
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results. The effects vary considerably over the range of rated loads 
with but small errors being introduced at a rated turbine load of 
1000 KW. The relative insensitivity to turbine efficiency suggests 
the use of less efficient and less costly turbines at the lower 
rated loads where a single stage turbine could be used instead of a 
multistage turbine p 
The sensitivity of payback period, Figure 17, to the cost of 
boiler fuel (natural gas for this analysis) is small when compared to 
the cost of electricity. From Figure 18, a doubling of the cost of 
electricity decreases the payback period by about 50% for a 1000 KW 
system while the doubling of boiler fuel costs increases payback by 
only about 2%e The payback is almost directly proportional to 
investment costs . OperatinQ and maintenance costs have a small effect, 
and doubling these costs for the 1000 KW rated system changes payback 
by about 5%. 
5.4 IMPLICATION OF AVERAGING PLANT ENERGY DEMANDS 
The time averaging of plant energy demand introduces error into 
the analysis. The greater the dis~ersion of the demand points about 
the mean the greater will be the error introducerl into the results 
of the analysis. 
A quantitative assessment of the effects of using average 
monthly plant demands cannot be made in the absence of hourly or daily 
demand data. During those months of near full production little error 
is likely to be introduced since demand should be relatively stable. 
During months of partial production processing of citrus fruit the 
error could be significant. 
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STEAM AT THROTTLE: 
400 PSIG SATURATED TEMP. 
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Fig . 17 Payback period versus cost of boiler fuel 
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STEAM AT THROTTLE! 
















COST OF ELECTRICITY (CENTS/KWH) 
Fig. 18 Payback period versus cost of electricity 
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Table 2 shows the comparison of the results attained using the 
averaqed monthly data and an annual average yearly demand computed 
from the average monthly data. Small difference is noted and could 
be deduced from the small dispersion of the avera0e monthly data sets . 
5.6 IMPLICATIONS OF SELLING EXCESS ELECTP-ICITY TO THE UTILITY 
The plant demand used in this analysis does not include demand 
points in those regions of the demand plot where excess electricity 
could be generated. Thus, the option of selling excess electricity 
that is cogenerated does not enter into the evaluation . 
TABLE 2 
COMPARISON OF RESULTS USING AVERAGE MONTHLY AND 
AVERAGE YEARLY DEMAND DATA WITH 400 PSIG COGENERATION SYSTEr1 
ENERGY SAVED PAYB/\CK PERIOD 
RATED 109 BTUs YEARS 
CAPACITY, KW MONTHLY YEARLY MONTHLY YEARLY 
1000 28.5 28.5 3.7 3.2 
2000 42.7 44.7 4.2 3.5 
3000 43.4 43.5 8.0 7. l 
4000 40.2 40.4 11 • 1 10.0 
5000 36.9 37.0 14.7 13.5 
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CHAPTER VI 
LIMITATION OF THE STUDY 
6 1 L Itv1ITATI 0~1 0 F THF. STUDY 
The analytical model developed in this study was developed for 
use in exploring the energy savin~s and economic implications of a 
particular cogeneration system for citrus plants. It is designed 
to permit the managers of the plants to determine the feasibility 
of expending further resources in a more rigorous and detailed analy-
sis. It further identifies the range of system parameters to be con-
sidered in a more detailed design study. The use of the approximate 
relationships between pertinent system operating parameters plus the 
combining of many parameters, essentially limits the use of the model 
for system design to the role of initial sizing. The model can be 
used for other industrial plants if the energy profile of the activi-
ty can be accommodated by the model. 
The accuracy of the analysis of the citrus plant was limited 
by the accuracy of the demand input data and by the lack of accurate 
budget quality cost data. No quantitative estimate of the overall 
accuracy of the results is possible, but qualitative estimates are 
~ 30~ in the avera9e annual energy savings results and ~ 100% in the 
payback and rate of return quantities. Even with errors of this 
magnitude certain valid conclusions can be enunicated. 
6.2 CONCLUSIONS 
The major contribution of this effort is the development of the 
analytical model for evaluating the noncondensing steam turbine in 
co9eneration under conditions of varyinq plant enerny demands. The 
utility of the model will depend on the availability of plant demand 
data over sufficiently small time periods to give the desired accu-
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racy of results. 
The plant enerqy parameter which most influences the economic 
acceptability of a noncondensing steaM turbine cogeneration system 
is the plant thermal to electric demand ratio . Plants with demand 
ratios of less than 4 to 5 will probably not be good candidates for 
this type of cogeneration because of marginal to unacceptable 
economics. 
There will be an optimum steam condition and rated turbo-
generator capacity for each set of plant de~ands that will be most 
economically advantageous . This will not necessarily be the system 
giving the maximu~ energy savings~ 
There will be a range of rated turbine sizes for a qiven set 
of steam conditions over which the payback period will remain rela-
tively constant. 
6. 3 FURTHER RESEARCH 
Since most plant energy use data will probably be in the form 
of total monthly use of plant fuel and electricity, the implication 
of monthly averaging of plant energy demand should be understood. Thus 
the collection of hourly demand data over an appropriate ~eriod of 
time would permit the assessment of the error due to demand averaging e 
Another worthwhile effort would be to refine the operating and 
cost input data over a narrow range of system operating characteristics 
in order to further assess the accuracy of the analytical model when 
used to qive results over a range of system capabilities. 
APPENDIX l 
AVERAGE MONTHLY ENERGY DEMAND DATA 
·Monthly fuel, natural gas and petroleum rlistillate, and elec-
tricity use for a three year period by one citrus plant was used as 
the plant energy requirements for this study. Monthly production 
rates in the form of boxes of citrus fruit processect was used as the 
basis for deriving the energy demanrl which could be satisfied by the 
cogeneration system e The periods when cogeneration can occur is 
during periods when boilers are providing steam to the evaporators. 
Thus, cogeneration will occur during fresh fruit processinq to juice 
concentrate . 
From the production data it was deduced that full nroduction 
gave production rates of about 3000 boxes per hour . Proctuction rates 
normally drop during periods of less than full production thus the 
hour l y production rate for these periods is assumed to be about 2500 
boxes per hour. The hours for cogeneration was rletermined by dividing 
the monthly production by an average hourly production rate. 
The average electric demand was based on monthly electric 
useage and the peak demand for the month . For those months when full 
or nearly full production occurred, averaqe monthly demand ranged from 
80 to 90% of the peak demand. Durinq other months of lower production 
rates average monthly demand ranged as low as about 50~ of peak demand . 
It was assumed that demand during fruit processing would be 70-90% of 
peak demand depending on the monthly amount of fruit nrocessed. Elec-
tric demand was thus assumed to be: 
70% of peak for low production months 
80% of peak for medium production months 
90% of peak for high production months 
The monthly thermal energy provided by steam used in produc-
tion was determined by multiplying the boiler fuel used (HHV) by 
the steam generation system efficiency estimated to be 0.75 . The 
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monthly thermal use was divided by the number of hours of cogenera-
tion to determine the hourly demand. This divided by the electrical 
demand gave the value of the thermal to electric demand ratio for 
the month . 
Plant monthly energy use data in the form required by the 
program is listed. The major processing of fruit occurs over an eight 
month period and 24 data sets are given for the three year period . 
P. HP. ~ t. 
__J_ _ J _J 
4650.00 2.69 314.00 
4250.00 3. 23 277.00 
3325.00 4.88 192.00 
4100.00 3.66 496.00 
4202.00 3.36 744.00 
5515.00 3.24 672.00 
4699 . 00 2.62 744.00 
5100.00 2.n4 535.00 
4400.00 3.45 320.00 
4300.00 1 . 71 277.00 
3625.00 5.56 101.00 
3925.00 3.81 257.00 
4200.00 3. 41 418.00 
4400.00 3.38 424.00 
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4700.00 3.08 554.00 
4400.00 3.29 358.00 
4150.00 3.82 248.00 
4100.00 5.50 144.00 
3050.00 6.24 166.00 
4000.00 3.98 257.00 
4300.00 3.54 418.00 
4200.00 3.39 3fi5 . 00 
4650.00 3.32 412.00 
4500.00 3.05 257.00 
APPE~JDIX 2 
C0~·1PUTER PROGRAM 
A PROGRAM TO PRIDICT THE ECONOMICS & ENERGY SAVINGS IN CITRUS 
PROCESS.NG PLANTS BY STEAM TURBINE COGENERATION 
DIMENSION P<25),HP(25>,FA<25) 
INTEGER PRT , PI,FB 
READ PLANT ENERGY REOUIREMENTS : PCN>= ELECT DEMAND IN KWH/H 
HPCN)= RATIO OFTHERMAL TO ELECT DEMAND, FACN>= TIME INCREMENT 
OVER WHICH THE NTH ENERG Y DEMANDS HAVE BEEN AVERAGED IN HOURS 
DO 9 00 N=1,24 
REA D< 5,8)P<N> , HP<N>,FA<N> 
WR1TE<6,8) P<N>,HP<N>,FA<N> 
8 FORMAT<3F10 . 2) 
900 CONTINUE 
READ STEAM ENTHALPIES IN BTUS/LBM 
Hi= AT TURBINE INLET, H4= FEEDWATER TO STM . GEN . PLANT 
H6= SATURATED STM AT BOILER OP . PRESS . , HS2= AT TUR EXH WITH ISENTROPIC EX 
PANS I ON , HS3= AT TUR EXTRACTION PT . WITH ISENTROPIC EXP. 
READ,Hl,H4,H6,HS2,HS3 
WRITE(6, 5>Hl,H4,H6,HS2,HS3 
5 FORI"1AT ( 3X, 'H1= I I F6 . L 2X, 'H4= I I F6. L 2X, 'H6= I J F6 . 1, 2X 
1, 'HS2=', F6 . 1,2X, 'HS3=', F6 . 1) 
READ TUR-GEN DP CHAR (DEL 5= IS~NTROPIC ENTHALPY CHANGE IN TUR) : 
PRT= MAX RATED LOAD IN KW, TL=TUR MECH LOSS FACTOR<MECH LOSS= TL * DEL S> 
PF= ELECT PWR FACTOR, EEF= DIFF TUR EFF AT EXH &EXTR PT, A&B= CONSTANTS 
FOR DETERMINING TUR INLET TO EXH EFF AT RATED LOAD<PR> <EFF=SHAFT PWR/ 
DELS = A+D*ALOGlO(PR> CPR IN KW), C= HALF LOAD STM RATE FACTOR 
FOR TUR WITH RATED LOAD OF PRT/2, SS= FRACTION OF 
THERMAL DEMAND AT EXTR PT PRESS, ER= REDUCT GEAR EFF, EG= GEN EFF 
READ,PRT,TL,PF,EEF,A,B,C,SS,ER,EG 
WRITE<6.6>PRT,TL,PF,EEF,A,B,C,SS,ER,EG 
6 FORMAT ( 3X, 'PRT= I. I5, 2X. 'TL= ', F4 . 2. 2X. 'PF= ', F4. 2, 2X. 'EEF= I I 
1F4 . 2. 2X, 'A=, I Fb . 4, 2X, 'B= I I FlO. 8/3X. 'C= I, F6. 4, 2X, 1 5=, I F4. 2, 2X, 
• 
2'ER=', F4 . 2, 2X, 'EG= ' , F4 . 2> 
STM GEN DP CHAR ~ MISC , JJ= NO . PLANT ENERGY DATA PERIODS, KEY-GEN 
EXCESS ELECT KEY= l NO EXCESS ELECT GEN KEY=O , ESGR= STM GEN PLANT EFF 
~ITH COGEN , EU= OVERALL UTILIY CO GEN EFF, ESGR2= STM GEN PLANT EFF W/0 
COGEN, PI= INCREMENTING SIZE FOR VARYING TUR-GEN RATED LOAD IN KWS 
READ , JJ,KEY,FB,ESGR,EU , PI,ESGR2 
~RITE<6 , 7) JJ,KEY,FB , ESGR,EU , PI , ESGR2 
7 FORMAT<3X, 'JJ=', 15,2X, 'KEY='• 12, 2X, 'FB=', .I4, 2X, 
1 'ESGR=', F4. 2, 2X , 'EU=', F4 . 2, 2X, 'PI=' , I5, 2X, 'ESGR2=', F4. 2> 
READ IN ECONOMIC DATA : TGCl= TUR-GEN COST PARAMETER SCOOO> WITH EXTR, 
TGC2= TUR-GEN COST PARAMETER $(000) W/0 EXTR , SGC= STM GEN SYS COST PARA 
METER $(000), SGCC= COST OF STM GEN SYS W/0 COGEN $(000), PC= FIXED ANN 
O&M COST FOR COGEN, CCF= FRACTION OF INITIAL INVEST COST TO ALLOCATE 
FOR ANN O&M COSTS , EEE= INFLATION RATE OF ELECT COSTS, EE= INFLATION 
RATE OF FUEL COSTS , AI= GENERAL INFLATION RATE , T= INCOME TAX RATE, 
L= EQUIP LIFE IN YEARS, CF= COST OF BOILER FUEL($/BIL BTUS) 
CE= ELECT COST<SIMIL KWHS> 
READ,TGC1,TGC2 , SGC , SGCC,PC,CCF,EEE,EE,AI,T,L,CF,CE 
WRITE<6,9> TGC1,TGC2,SGC , SGCC,PC.CCF,EEE,EE,AI,T,L , CF,CE 
9 FORMATC3X, 'TGC1=' • F7 . 2. 2X , 'TGC2=', F7 . 2, 2X, 'SGC=' , F7 . 2., 2X, 
1 'SGCC= I I F7 . 2, 2X, 'PC=, I F7 . 2, 2X , I CCF=, I F4 . 2. 2X, 'EEE= I J F4 . 2/ 
22X. 'EE= I. F4. 2 . 2X , 'AI=, J F4 . 2. 2X . 'T= ,, F4. 2. 2X. 
3 ' L=', I2,2X, 'CF=',F7 . 1,2X, 'CE=' , FB . 1) 
WRITE<6, 19) 
19 FORMAT< '0', 5X, 'HT IN DILLION BTUS-ELECTRICITY IN MILLION KWH'/~X. 
l'RATED CAPACITY IN KW-COSTS IN THOUSANDS $-PAYBACK IN YEARS 
2RATE OF RETURN <ROR> IN PERCENT-STEAM RATE<SR) IN MLB/HR'/ 
33X, 'ALL QUANTITIES ARE AVERAGE ANNUAL VALUES 
5 I) 
WRITE<6,21) 
21 FORMAT< 'O',lX, 'RATED ' ,2X, 'PROCESS',3X, 'ELEC',3X, 
1 'ELEC, J 2X, 'ELEC Fl'l , I 3X. 'ELEC TO, I 2X. 'HT FM I, 3X, 
2 'HT FM, I 3X. '1'1AX SR , I 2X, 'ENERGY, I 2X, I INVEST I I 4X, 'O-M I I 4X, 
3'ANN',SX, 'PAY',4X, 'ROR'/4X, 'CAP',4X, 'HT REG',3X, 'REG',4X, 'GEN', 
44X , 'UTILI I 6X , 'UTIL, I 5X I 'TUR I I 4X. 'RED I I 13X, 1 5AVED, J 4X. 'COST I J 
~4X, 'COST I J 3X . 'SAVE I I 4X , 'BACK I) 
ESTABLISH END VALUE OF RATED GEN CAPACITY DO LOOP <NOTE : PROGRAM 
WILL PROVIDE OUTPUT DATA FOR RATED TUR-GEN LOADS FROM PRT TO 500 KW 
IN PI INCREMENTS> 
II=<<PRT-500)/PI>+l 
SETTING AUTO EXTRACTION FRACTION<S > AT INPUT VALUECSS) AND SETTING TO 
ZERO IF NO AUTO EXTRACTION IS TO OCCUR 
S=SS 
IF<HS3 . EG . H1> S=O. 0 
COMMENCE STEPPING THROUGH DESIRED RANGE OF RATED TUR-GEN OUTPUTS<PR) 
DO 1 00 I= 1, I I 
PR=FLOAT<PRT>-< <FLOAT< I >-1. )*FLOAT<PI >) 
IF PR LT 2500 KW NO AUTO EXTR IS TO OCCUR 
IF< PR . LT. 2500. > S=O . 
DETERMINE TUR-GEN RATED LOAD OUTPUTS; H5R=THERMAL OUTPUT IN KWH/LBM STM 







SET INITIAL CONDITIONS OF TOTAL ENERGY PARAMETERS AND STEP THROUGH 
PLANT TIME INCREMENTED ENERGY DEMANDS : (ALL IN UNITS OFKWH> 
PUI= ELECT FROM UTILITY CO, PUO= EXCESS ELECT GEN. PGT= ELECT COGEN, 
PHGT= PROCESS THERMAL ENERGY FROM TUR, PHR= PROCESS THERMAL ENERGY 
DIRECT FROM STM GEN PLANT, H= PROCESS THERMAL ENERGY DEMAND, PT= PLANT 
ELECT DEMAND, SRT= MAX STM RATE , THOU LB/H, QSTl= BLR FUELCHHV>WITH 










QUI 1 =0 . 
DO 200 J=l~.JJ 
DETERMINE THE THERMAL DEMANDCPH> L THERMAL TO ELECT DEMAND RATIO <HeO) 
TO BE MATCHED WITH THER MA~ DISCHARGE FOR THE JTH DATA PERIOD 
IF<S . EG . 0 . > GO TO 105 
PH=PC.J)-t~HP(J) 
HPD=HP(J) 
GO TO 108 
105 PH=P<J>*Ci . -SS>*HP<J> 
HPO=Cl.-SS>*HPC.J> 
60 
DETERMINE ELECT GEN < PG~) . TUR CONTR I BUTION TO THERMAL DEMAND ( PHGJ ) , AND 
THERMAL CONTENT OF TUR DISCHARGE <H5J > FOR THE ~TH DATA PERIOD 
FOR CASE P < ~> GE PR ~ PH GE HR 




GO TO 190 
FOR CASE P<J> GE PR ~ PH LT HR 
110 IF<P<J>. LT . PR > GO TO 120 
ITERATE TVR-GE N LOADING UNTIL TUR THERMAL OUTPUT MATCHES THERMAL DEMAN D 
PL=PH/HR 
IF<PL. LT . 0 . 1 > GO TO 187 
DO 300 K=l , 50 
CALL HTDP<Hl , HS2 , HS3 . H4,PR , TL , PF , PL , EEF,A , B, C, S , ER,EG , 
1PG , PHG , HPG , H5> 
PPP=PHG / PH 
IFCPPP . GT . 0 . 995 AND . PPP . LT . 1. O> GO TO 130 
PL=PG*PH / PHG / PR 
IF <PL LT . 0 . 1 > GO TO 187 
300 CONTINUE 
130 GO TO 185 
FOR CASE P<J > LT PR ~ PH GE HR ~ NO EXCESS ELECT GEN 
120 IF < PH. LT . HR . OR . ~EY . EG . 1 > GO TO 140 
PL=P <J >IPR 
IF < PL. LT . 0 . 1 ) GO TO 187 
CALL HTOP <Hl , HS2 . HS3 . H4,PR , TL , PF , PL , EEF,A , B, C, S,ER , EG , 




GO TO 190 
FOR CASE P< J> LT PR ~ PH GE HR ~ EXCESS ELECT GEN 




GO TO 190 
FOR CASE P <J > LT PR ~ PH LT HR ~ HPO LE HPR 
1~0 IF<HPO . GT . HPR > GO TO 160 
PL=PH/HR 
I F< PL. LT . 0 . 1 > GO TO 187 
DO 400 KK=1,50 
CALL HTOP <H1 . HS2 , HS3 , H4.PR , TL , PF , PL . EEF . A,B,C , S,ER,EG , 
1PG , PHG , HPG , H5 > 
PPP=PHG / P H 
IF <PPP . GT . 0 . 995 . AND . PPP . LT . 1 . 0 ) GO TO 165 
PL=PG*P H/ PHG / PR 
IF <PL . LT . O. l > GO TO 187 
400 CONTINUE 
165 GO TO 185 
FOR CASE P<J> LT PR ~ PH LT HR & HPO GT HPR ~ HPG GT HPO 
160 PL=P<J >/PR 
IF<PL . LT. 0 . 1 > GO TO 187 
CALL HTOP<H1 , HS2 , HS3 , H4 , PR , TL , PF,PL,EEF,A,B,C,S,ER,EG, 
1PG,PHG , HPG , H5> 
IF<HPG . LE . HPO> GO TO 170 
DO 500 J.(,KJ.'.= 1 , 50 
PL=PG*PH / PHG / PR 
CALL HTOP<Hl.HS2,HS3 , H4,PR , TL,PF , PL,EEF,A,B,C,S,ER,EG, 
1PG,PHG , HPG , H5> 
PPP=PHG / PH 
IF<PPP . GT . 0 . 995 . AND . PPP . LT . 1. 0) GO TO 175 
~00 CONTINUE 
175 GO TO 185 
FOR CASE P(J) LT PR ~ PH LT HR ~ HPO GT HPR & HPG LE HPO & NO 
EXCESS ELECT GEN 
170 IF<KEY . EG . 1> GO TO 180 
GO TO 185 
FOR CASE PCJ) LT PR ~ PH LT HR ~ HPO GT HPR ~ HPG LE HPO ~ EXCESS 
ELECT GEN 
180 DO 600 KKKK=l , 50 
PL=PG*PH/PHG / PR 
IF<PL.LT . O. l> GO TO 187 
CALL HTOPCH1 . HS2 , HS3 , H4 , PR , TL . PF,PL,EEF,A , B,C,S,ER,EG , 
1PG,PHG,HPG, H5 > 
PPP=PHG/PHJ 

















GO TO 190 
PHGJ=O . 
PGJ= 0 . 
H5J= 0 . 
DETERMINE PROCESS THERMAL ENERGY DIRECT FROM STM GEN PLANT<PHRJ>, 
61 
STM RATE FOR THE JTH DATA PERIODCSRJi & MAX STM RATE <SRT) SRl<J>= STM 
RATE THROUGH TUR, SR2<J>= STM RATE DIRECT TO PROCESS 
PHJ=PCJ>*HP(J) 
IF<PHGJ . LT. PHJ> GO TO 191 
PHRJ=O . 
SR2J= 0 . 0 
GO TO 192 
P HR ·J=PHJ-P HGJ 
SR2J= PHRJ*3 . 413/CH6-H4) 
IF<HSJ . EG. 0 . > GO TO 188 
SR1J=PHGJ*3. 413/H5J 
GO TO 193 
SR lJ=O . 
SRJ=SR1J+SR2J 
IF<SRJ . GT . SRT> SRT=SRJ 
DETERMINE ELECT FROM UTILITYCPUIJ> AND ELECT SOLOCPUOJ> FOR THE JTH 
DATA PERIOD 
IF<P<J>-PGJ> 30,30,40 
PUI J=O . 
PUOJ=PGJ-P(J) 
GO TO 195 
PUIJ=P<J>-PGJ 
PUOJ =0 . 











CALCULATE AVERAGE ANNUAL ENERGY PARAMETERS- ELECT IN MIL OF KWH - THERMAL 














CALCULATE AVERAGE ANNUAL ENERGY SAVINGSCES> WITH COGEN IN BIL OF BTUS 
ES=GS2+GUA2-GUA1-GS1 
CALCULATE THE AVERAGE ANNUAL SAVINGS WITH COGEN IN$(000> 
AS=<<PA-PUIA+PUOA>*CE+(G52-GS1)*CF)/1000 
CALCULATE TH~ STM GEN SYSTEM COSTS<BC> IN ${000> 
BC=SGC*SRT**O . 6 
IFCBC. LT. SGCC> BC=SGCC 
CALCULATE THE INITIAL INVESTMENT COST <CI> SCOOO> 
CI=TGCl•PR**O . 8+BC-SGCC 
IF< 5. EG. 0. > C I=TGC2*PR**O . 8+BC-SGCC 






FORMAT ( I 0 , ' 1 X ' F 6 . 1 I 2 X I F 6 . L 2 X ' F 6 . 1 ' 2 X I F 4 . 1 ' 3 X' 
1F6. 1, 2X, F6 . 1. 2X, F6. L 2X, F6 . 1. 2X, FS . 1,. 3X, 
2F6 . L 4X, F6. L 2X, F6. L 2X, F6 . L 3X, F4 . 1, 






THIS SUBROUTINE CALCULATES THE THERMAL ENERGY DISCHARGED FROM THE TUR 
FOR PLANT USE <PHG), TUR-GEN ELECT OUTPUT <PG>, THE PHG/PG RATIO <HPG> 
AND THERMAL CONTENT OF STM FROM TUR <H5) IN BTUS/LB STM . INPUTS ARE 
TUR-GEN CHAR, STEAM ENTHALPIES , FRACTION OF STEAM TO BE OBTAINED FROM 
AUTO EXTRACTION PT AND PARTIAL LOAD FACTOR <PL> 
CALCULATE TURBINE INLET TO EXHA UST EFF <ET2> 
ET2= CA+E*ALOGlOCPR>>*<l . 0/(2 . 0-C+((C-1 . 0)/PL>>> 
CALCULATE TURBINE INLET TO EXTR EFF <ET3> 
12 ET3=ET2-EEF 




CALCULATE FRACTION OF STM MASS TO FLOW TO EXHAUSTCFM2> AND TO EXTR PT <FM3 
IF CS . EQ . 0. > GO TO 10 
FM3=S*CH2-H4)/CC1-S>*<H3-H4>+S*<H2-H4)) 
FM2=1-FM3 
GO TO 20 
10 FM2=1. 0 
FM3=0 . 
CALCULATE THERMAL CONTENT OF STM FROM TUR AVAILABLE TO PROCESSCH5> 
20 H5=FM2*<H2-H4>+FM3*CH3-H4> 
IF<PR.GT . 2500 . > ER=l.O 
CALCULATE THERMAL TO ELECT RATIO CHPG>, ELECT GENERATED CPG> AND PROCESS 






SUBROUTINE ECON<AS , CI , CM , PE,GA,CE , CF,EEE,EE,Al,T,L,PB,R> 
THIS SUBROUTINE ASSESSES THE ECONOMIC FEASIBILITY OF COGEN IN TERMS OF 
NON-DISCOUNTED SIMPLE PAYBACK PERIOD AND AFTER TAX RATE OF RETURN 
USING PRESENT WORTH DISCOUNT METHOD 
CALCULATE SIMPLE PAYBACK PERIOD <PB) 
PB=CII<AS-CM> 
DR=2 . 0/FLOATCL) 
INITIALIZE RATE OF RETURNCR), CUMULATIVE VALUE OF FUNDS EARNED TO APPLY 
AGAINST INITIAL INVESTMENT COST <CIC> AND CUMULATIVE VALUE OF DEPRECIATION 
TAKEN COT> 
R=-0 . 005 
bO R=R+0 . 005 
CIC = 0 
DT = 0 
CALCULATE DISCOUNTING FACTORS 
GR = 1. 0/Cl. O+R> 
GC= 1 . 0/ ( ( 1 . O+AI > * ( 1 . O+R)) 
CALCULATE INVESTMENT COSTS AFTER INVESTMENT TAX CREDIT <CIT> 
CIT=CI*O . 9 
COMPUTE YEARLY FUNDS EARNED DURING ~TH YEAR <CICK> WITH CURRENT VALUE 
OF 'R' UNTIL CUMULATIVE VALUE IS EQUAL TO CIT 
DO 400 ~ = 1,50 
CALCULATE VALUE OF DEPRECIATION FOR KTH YEAR USING DOUBLE DECLINING 
DALANCE METHOD . 
IF<DT . GT. CI> GO TO 80 
D = CI*Cl . 0-DR>**<~-l>*DR 
OT = DT+D 
IFCDT . LT.CI> GO TO 70 
DE = DT-D 
D = <CI-OE>I<L-K-1> 
DT = 2 . O*CI 
80 IF<~ . GT . L> D = 0 
COMPUTE FUNDS EARNED FOR THE KTH YEAR 
70 CIC~=C <PE*CE*C 1. +EEE>**CK-1. )+GA*CF*C 1 . +EE>**<K-1. > )/ 
1 ClOOO*CCl . +AI>*<l. +R>>**K>-CM*GR**K>*<l. -T>+D*T*GC**K 
CIC=CIC+CICK 
IF YEARS REGUIRED TO AMORTIZE INITIAL INVESTMENT COSTS<K> IS LESS THAN 
LIFE OF EGUIP <L> INCREASE VALUE OF JRI AND RECOMPUTE UNTIL 
LIFE OF EGUIP <L> INCREASE VALUE OF 'R' AND RECOMPUTE. CONTINUE UNTIL 
VALUE OF 'R ' IS REACHED WHERE COSTS ARE AMORTIZED IN 'L' YEARS 
IF<CIC . GE . CIT> GO TO 100 
400 CONTINUE 




COGENERATION SYSTEM INPUT DATA FOR THE CITRUS PLANT ANALYSIS 
INPUT DESCRIPTION STEAM CONDITION 
SYMG 900 600 400 200 
750 750 750 750 
Steam EnthalQ~ Data~ 
BTU/lbm 
Turbine Throttle HI 1362 . 9 1 3 79.2 1204.7 1199 . 3 
Condensate Return H4 100.0 100.0 100 . 0 100.0 
Saturated Steam at Boiler H6 1196.9 1203 . 4 1204.7 1199 . 3 
Turbine Exh. After I sen-
tropic Expansion HS2 1034 . 4 1 071 . 4 947.8 1023.8 
Turbine Extraction After 
Isentropic Expansion HS3 1231.2 1276 . 8 11 02. 0 1199 . :i 
Turbine-Generator Characteristic 
Data 
Maximum Rated Load, KW PRT 5000 5000 5000 5000 
Mechanical Loss Factor TL 0.05 0.05 0.06 0 . 06 
Electric Power Factor PF 0.90 0.90 0.90 0.90 
Efficiency Difference 
Extraction & Exhaust EEF 0.05 0.05 0.05 0.05 
Turbine Efficiency 
Constant A -0.018 0.255 0.305 0.447 
Turbine Efficjency 
Constant B 0.199 0.133 0.110 0.083 
Half Load Steam Rate 
Factor c 1 . 12 1 • 15 1 . 165 1 . 18 
Fraction Plant Thermal 
Energy at Extraction 
Pressure s 0. 20 0.20 0.20 0.20 
Reduction Gear Efficiency ER 0.98 0.98 0.98 0.98 
Generator Efficiency EG 0.98 0.98 0.98 0.98 
Boiler Characteristics and 
Program Control Data 
Number of Plant Demand 
Data Sets 
Sell to Utility, 
Yes-1 ~ No-0 
Number of Plant Demand 
Data Sets Per Year 
Steam Generation System 
Efficiency with 
Cogeneration 
Public Utility Plant 
Efficiency 
Stepping Increment for 
Turbo Gen Rated Loads, 
KW 
Steam Generation Effici-
ency without Cogen . 
Economic Data Input 













With Extraction, 103$ TGCl 2.2 
Turbo-Gen Cost Factor 
Without Extraction, 
1 o3$ 
Steam Generation Sys 
Cost Factor with 
Cogeneration, lOj$ 
Steam Generation Sys 
Cost Factor without 
Cogeneration, 10 3$ 
Annual Labor Costs, 103$ 


















































SYMG 900 600 400 2()0 
750 750 750 750 
Utility Elect . Cost 
Inflation Rate EEE 0.10 0.10 0 .. 1 0 0. 10 
Boiler Fuel Cost 
Inflation Rate EE 0.18 0.18 0.18 0.18 
Genera 1 In flat ion Rate AI 0.07 0.07 0.07 0. 07 
Tax Rate T 0 .. 50 0. 50 0.50 0.50 
Equipment Life, Years L 15 15 15 15 
Cost of Boiler Fuel 
$/109 BTU CF ~,560.0 2,560.0 2,560.0 2,560 . 0 
Cost of Electricity 
$/106 KWH CE 30,000 30,000 30,000 30,000 
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